Phenological, biogeographic and community shifts are among the reported responses of marine ecosystems and their species to climate change. However, despite both the profound consequences for ecosystem functioning and services, our understanding of the root causes underlying these biological changes remains rudimentary. Here, we show that a significant proportion of the responses of species and communities to climate change are deterministic at some emergent spatio-temporal scales, enabling testable predictions and more accurate projections of future changes. We propose a theory based on the concept of the ecological niche to connect phenological, biogeographic and long-term community shifts. The theory explains approximately 70% of the phenological and biogeographic shifts of a key zooplankton Calanus finmarchicus in the North Atlantic and approximately 56% of the long-term shifts in copepods observed in the North Sea during the period 1958-2009. 
Introduction
Mounting evidence suggests that global warming is altering the biology of the oceans at both the species and the community levels [1, 2] . One mechanism by which a species may respond is to track habitat changes, either in time, through a phenological shift, or in space, by a biogeographic shift [1] [2] [3] . At the community level, long-term community variations that take place during abrupt ecosystem shifts (AESs) or regime shifts [4] have been documented and sometimes attributed to climate change [5, 6] . Although climate-caused environmental changes are often assumed to play a fundamental role in these responses, the underlying pathways by which the environment may trigger phenological, biogeographic and community shifts remain unresolved.
Here, we propose that theoretical frameworks based on the ecological niche sensu Hutchinson [7] , frequently applied to investigate the potential spatial distribution of species, can be extended to connect phenological, biogeographic and community shifts. We first establish a theoretical framework to show how the niche can be used to connect phenological and biogeographic shifts at the species level and long-term shifts at the community level. We then test our theory against empirical datasets. Finally, we provide evidence that a significant part of largescale spatio-temporal changes in both species and communities are predicted from the knowledge of the ecological niche of species.
Data
Monthly sea surface temperatures (SSTs) originated from the dataset ERSST_V3 ). The dataset is derived from a reanalysis based on the most recently available International Comprehensive Ocean-Atmosphere Data Set. Improved statistical methods have been applied to produce a stable monthly reconstruction, on a 18 Â 18 spatial grid, based on sparse data [8] .
We used the photosynthetically active radiation (PAR; Einstein m 22 day
21
), solar radiation spectrum in the wavelength range of 400-700 nm, as a proxy of the level of energy assimilated by photosynthetic organisms [9] . PAR regulates both the composition and evolution of marine ecosystems, influencing the growth of phytoplankton and in turn the development of zooplankton and fishes. Data were provided by the Giovanni online data system, developed and maintained by the NASA GES DISC (http://gdata1.sci.gsfc.nasa.gov/daacbin/G3/gui.cgi?instance_id=ocean_month). A monthly climatology of PAR at a spatial resolution of 9 km was carried out by compiling data of the sea-viewing wide field-of-view sensor (SeaWiFS) from September 1997 to December 2010.
Bathymetry data originated from the General Bathymetric Chart of the Oceans database. All environmental data were interpolated on a global grid of 18 longitude Â 18 latitude using the inverse squared distance method [10] .
Monthly climatology data of upper ocean chlorophyll-a concentration (mg l 21 ) were retrieved and calculated from the satellite SeaWiFS on a grid of 18 longitude Â 18 latitude. Length of the day (LOD) for any latitude and day of the year was estimated by modelling [11] .
Monthly data on the abundance of Calanus finmarchicus at the scale of the North Atlantic and annual data on the abundance of copepods in the North Sea originated from the continuous plankton recorder (CPR) survey ( period 1958-2009 ). This large-scale plankton monitoring programme has sampled the upper layer of the water column (approximately 7 m) on a monthly basis since 1946 [12, 13] . Details on methods and contents of this dataset are provided in Reid et al. [13] and Batten et al. [14] .
Material and methods
(a) Theoretical relationships between the species thermal niche, its spatial distribution and phenology
We first worked on a simple case, where the niche is one-dimensional and represented only by sea surface temperature, to establish at the species level, the theoretical relationships between the (thermal) niche of a species, its spatial distribution and phenology. The response curve of the abundance E of a pseudospecies s in a given site i and time j to change in SSTs was modelled by the following function [15] :
With E i,j,s the expected abundance of a pseudospecies s at location i and time j; c s the maximum value of abundance for species s fixed to one; x i,j the value of temperature at location i and time j; u s the thermal optimum and t s the thermal amplitude for species s. The thermal tolerance is an estimation of the breadth (or thermal amplitude) of the species thermal niche (or bioclimatic envelope) [15] . Once the niche was modelled, the expected abundance of such pseudospecies in space (spatial or latitudinal distribution) or time (monthly scale) was determined from the knowledge of SST for a given month and geographical cell. We modelled the niche, spatial distribution and the phenology of an eurytherm psychrophile (u s ¼ 158C and t s ¼ 58C; figure 1a-c).
(b) Relationships between theoretical and observed biogeographic and phenological shifts of Calanus finmarchicus
We tested our theory against actual data using the calanoid copepod C. finmarchicus. In contrast to the idealized example, the niche was four-dimensional. As the species responds not only to SST but also to changes in PAR [16] , in chlorophyll-a concentration [17] and bathymetry [18] , we also used these three ecological factors. In contrast to the idealized example that was based on a Gaussian niche, we used the non-parametric probabilistic ecological niche (NPPEN) model [19] to calculate the expected abundance of C. finmarchicus as a function of monthly SST, monthly PAR and monthly chlorophyll-a concentration. The NPPEN model estimates the ecological niche of a species and, because the model is non-parametric, the niche was not constrained to be Gaussian. Once the niche is calculated, the technique projects the expected abundance of the species in space and time. The technique is based on the generalized Mahalanobis distance and a simplified version of the non-parametric test multiple response permutation procedure [19 -22] . A high expected abundance corresponds to an environment highly suitable for the species and vice versa. The model NPPEN was applied based on both the macroecological and the macrophysiological knowledge of the species [23 -25] . Therefore, the NPPEN model was based on empirical knowledge and not observed data. The reference values were for monthly SST between 21 and 118C by increments of 18C. These values were close to those observed empirically [23 -25] . The reference thresholds [17, 23] . The slight changes in these thresholds did not alter substantially model predictions. The NPPEN model estimated the niche of C. finmarchicus based on this theoretical (expert-based knowledge) set of data and we then used the ecological niche to estimate the expected abundance of C. finmarchicus as a function of space and time. The NPPEN model does not need any parametrizing variables [19] .
Many findings showed that the abundance of C. finmarchicus declines towards shallow waters (e.g. shallow regions of the North Sea) [18] . To consider this effect, the expected abundance E linearly declines when bathymetry b became inferior to 100 m, as follows:
Ei,j,s for 0 , b 100:
The model NPPEN has never been used on C. finmarchicus with four ecological parameters. More importantly, because the ecological niche is based on expert knowledge, i.e. independent from both the spatial and temporal distribution of sampling, the model can be used at a monthly resolution (instead of a yearly resolution [24, 25] ), which makes it possible to investigate the relationship between phenology and species distribution.
The expected abundance of C. finmarchicus was compared to the observed abundance at different scales: (i) mean annual spatial distribution (1958-2009); (ii) mean spatial distribution from January to December (1958-2009); and (iii) mean latitudinal monthly changes based on the whole time period based on 1960 -1979 (cold decades) and based on 1990-2009 (warm decades) [5] . Data were spatially interpolated for each month and year of the period 1958 -2009 using the inverse squared distance method [10] . An estimation was only calculated when the number of samples was above three samples [26, 27] . Averages were performed for the time periods mentioned above for both expected and observed abundances. In addition to the control of the number of samples in the spatial interpolations, the use of a large number of years ( periods 1958 -2009, 1960 -1979 and 1990 -2009 ) attenuated the effect of the spatial heterogeneity of the CPR survey. Because the calculation of the niche was based on expert knowledge, there is no circularity between the estimation of the niche and the comparison between expected and observed abundance at both monthly and spatial scales.
(c) Long-term community shifts in the North Sea
We then investigated whether our theory could predict AESs in the North Sea (48 W, 108 E, 518 N, 608 N). We first calculated the annual mean of all North Sea copepods sampled by the CPR survey (see §2) and selected species with an annual relative (i.e. expressed as percentage) abundance of more than 0.001 and a presence of more than 10% for all years of the period 1958 -2009, applying the procedure used in Ibanez & Dauvin [28] . The choice of these thresholds was exclusively conditioned by the statistical techniques, which should not be applied on data matrices containing a high proportion of 0 values. This procedure led to the selection of 27 copepods (electronic supplementary material, table S1). Abundance data in the matrix (52 years Â 27 species or taxa) were transformed using the function log 10 (x þ 1). A standardized principal component analysis (PCA) was applied to examine long-term changes in copepods.
We then created a large number of pseudospecies, each characterized by a thermal Gaussian niche with the optimum temperature varying between 4 and 258C (by 28C increments) and a thermal tolerance ranging from 0.1 to 108C (by 18C increments) using equation (3.1). We then eliminated pseudospecies whose ecological niche was too truncated (i.e. expected abundance of more than 0.2 on the cold or hot thermal limit) between an interval of temperature ranging from 21.8 to 408C. We applied the procedure of Ibanez & Dauvin [28] with the same thresholds we applied to copepods. However, as the number of species were still above observed number of copepods (90 pseudospecies versus 27 species), we randomly selected 27 pseudospecies and performed a standardized PCA to examine long-term changes in these pseudospecies. The first principal component from the PCA performed on pseudospecies and copepods was then compared. We repeated the procedure of selection of the 27 pseudospecies 10 000 times and recalculated each time the standardized PCA on pseudospecies, the comparisons of long-term changes in the first principal components (observed and theoretical) and the calculation of the Spearman correlation.
(d) Spatial and temporal autocorrelation
To account for spatial autocorrelation when geographical patterns were compared, the degrees of freedom n were recalculated to indicate the minimum number of samples (n 0.05 ) needed to maintain a significant relationship at p , 0.05 [5] . The smaller n 0.05 , the less likely is the effect of spatial autocorrelation on the probability of significance. The reduction of degree of freedom r 0.05 , expressed as percentage, was then calculated as follows:
3)
The higher the reduction in the degree of freedom at probability p , 0.05, the smaller the effect of spatial autocorrelation. Second, when correlations were calculated between time series, the spatial autocorrelation function (ACF) was calculated to allow the adjustment of the actual degree of freedom to assess the probability of significance p ACF of correlations more correctly [5] .
Results and discussion
Using only the thermal dimension of the niche as an example, we modelled the expected mean annual distributional range of a hypothetical temperate species with a broad thermal niche (figure 1a; thermal optimum u s ¼ 158C and thermal tolerance t s ¼ 58C). The abundance of this hypothetical species was then estimated from their (Gaussian) thermal niche and observed monthly SSTs (1958 SSTs ( -2009 ).
The Gaussian model predicts a mean, annual extratropical range with a poleward limit to the south of the Polar Biome and an equatorward limit north of the Atlantic Trade Wind Biome [29] (figure 1b). The calculation of the expected species' abundance as a function of latitude and month leads to three predictions relating latitudinal range and the species phenology (figure 1c). First, in the southern part of its distributional range (zone 1; figure 1c) , the species has a seasonal maximum in winter or spring, the latter period is more likely when parameters such as PAR affect the species either directly through its influence on photosynthesis (e.g. phytoplankton) or indirectly through the food web (e.g. herbivorous zooplankton). At its southern range, such a species could not adjust its phenology in response to an increase in sea temperature, resulting in a local reduction of its annual mean and a northward biogeographic shift. Second, at the centre of its range (zone 2; figure  1c) , the species will exhibit its maximum seasonal extent, the rspb.royalsocietypublishing.org Proc. R. Soc. B 281: 20133350 duration being modulated by the breadth of its thermal niche; here, the species can occur at all months of the year, so long as other niche dimensions such as PAR or LOD do not exert a controlling influence. Consequently, at the centre of the range, an increase in temperature is expected to trigger a shift towards an earlier phenology. All else being equal or held constant, the erosion of the seasonal period of occurrence in late summer should be compensated at an annual scale by higher abundance towards spring or early summer and consequently, no substantial alteration of the species annual mean is expected. Third, at the northern edge of its distributional range (zone 3; figure 1c), the species is likely to peak in summer or late summer. In this case, the temperate species can extend its occurrence in early summer and spring if temperatures are warm, resulting in an increase of its annual mean abundance. If SST warms north of its northern boundary, a northward range shift will occur although the species will be detected in the water first in the late summer when sea temperatures are highest.
(b) Relationships between theoretical and observed biogeographic and phenological shifts of Calanus finmarchicus
We tested our theory against real data for marine species, choosing the key-structural zooplankton species C. finmarchicus. The niche was modelled using the ecological niche model termed NPPEN model [19] , which calculated the expected abundance of C. finmarchicus as a function of monthly SST, monthly PAR, monthly chlorophyll-a concentration and bathymetry. These four parameters form the most important niche dimensions for C. finmarchicus [18, 24] . Seasonal changes in PAR and LOD are highly correlated positively on average (r mean ¼ 0.97, n ¼ 734 geographical cells). LOD has been assumed to be an important controlling factor of the initiation and termination of the diapause of C. finmarchicus [30] . As NPPEN is non-parametric, the niche was not Gaussian in contrast to the idealized example above. The ecological niche was then used to forecast the spatial distribution of the calanoid (1958-2009; figure 2a). High theoretical abundances occur north of the oceanic polar front [31] and to a lesser extent south of Newfoundland and in the northern part of the North Sea. This corresponds well to the observed spatial distribution (1958 -2009) inferred from the CPR survey (figure 2b) [18] and at both monthly (r ¼ 0.73, n ¼ 6713, p , 0.001, n 0.05 ¼ 8, r 0.05 ¼ 99.88%; electronic supplementary material) and annual scales (r ¼ 0.84, n ¼ 1,046, p , 0.001, n 0.05 ¼ 6, r 0.05 ¼ 99.43%).
When the expected abundance of C. finmarchicus is represented as a function of latitude and month (1960 -1979 , two relatively cold decades [5] ; northeast Atlantic between 308 W and 108 W), expectations are that the species should have seasonal maxima in spring at the southern edge and between spring and summer towards the centre of its spatial distribution (figure 2c). Observed abundance of C. finmarchicus as a function of latitudes and months provides strong support for both predictions (figure 2d; r ¼ 0.84, n ¼ 259, p , 0.001, n 0.05 ¼ 6, r 0.05 ¼ 97.68%). The spatio-temporal pattern in expected abundance is however more concentrated than observed abundance ( figure 2c,d) . At the end of the seasonal occurrence of the species (in summer towards higher latitudes), the level of abundance remains elevated whereas expected abundance drops. This lag may be explained by the fact that when the environment becomes less suitable, the species may remain a certain amount of time before decreasing in abundance (diapause initiation and source/sink dynamics) [17, 32] . At the beginning of the seasonal occurrence, the lag between expected and observed abundance is much less pronounced and can be explained by the time needed for the species to increase its level of abundance (reproduction and individual growth) [17] . We next calculated the abundance of C. finmarchicus as a function of both latitude and month for the two warm decades 1990-2009 [33] (figure 2e,f ). From our theoretical model, we expect: (i) a reduction in the level of abundance in spring resulting in an erosion of the spatial distribution of the species at its southern margin, and (ii) a reduction in the abundance of the species in late summer to the north. We found good support for both predictions and this explains 70.56% of the total variance of the combined phenological and biogeographic changes (figure 2c-f; r ¼ 0.84, n ¼ 518, p , 0.001, n 0.05 ¼ 6, r 0.05 ¼ 98.84%). We observed a biogeographic shift of C. finmarchicus northwards in the northeast Atlantic (see the equatorward range limit in figure 2d for 1960-1979 versus figure 2f for 1990-2009 ). As expected, and because the species overwinters in deep water, and PAR is positively correlated to phytoplankton production in winter in these areas [16] , the copepod cannot compensate for the increase in temperature observed between March and September in the southern part of its current distribution during this season. In the central part of its range (approx. 608 N), rising temperature had a negative effect on the abundance of the species in summer. An increase in temperature is expected to generate a poleward shift in the species spatial distribution. Our model predicts that individuals might be first detected in late summer (figure 1), a prediction that is confirmed by observations of the first occurrence of southern zooplankton species (e.g. Centropages typicus, Centropages violaceus and Temora stylifera) along European coasts [34, 35] .
To test whether our theory might be useful to explain climatemodulated long-term community changes, we first examined long-term modifications among copepods in the North Sea (518 N-608 N, 48 W-108 E) where substantial community changes have occurred already [5] ; to do this, we used a standardized PCA performed on a table, years (1958-2009) Â annual observed abundance (27 species or taxa; electronic supplementary material, table S1). We generated a total of 90 pseudospecies each characterized by different thermal niches from stenotherms to eurytherms (figure 3a,b) and estimated the expected abundance (as annual mean) of these species in the North Sea as a function of monthly SSTs. The niche was modelled exclusively as a function of monthly SSTs because: (i) bathymetry does not change on a year-toyear basis, and (ii) both PAR and chlorophyll-a concentration were mostly important to reconstruct the seasonal and the distributional range of C. finmarchicus. None of the species had the same thermal niche following the principle of competitive exclusion of Gause [36] . Our objective was to show how, by creating a pool of species with niches differing by their optimum and amplitude, the sum of the temporal changes occurring for each species could create long-term community shifts similar to those observed in the North Sea (figure 3c). We found significant positive relationships ( p ACF , 0.05) between expected and observed changes in the North Sea copepods ( figure 4) . The correlations between expected and figure 3c ). Our theory therefore explains 56.25% of the long-term changes in copepods in the North Sea and provides a mechanism to understand how climate-caused changes in temperatures may influence long-term community shifts.
(d) Limitations of our theory
Our theory does not resolve species interactions. The climateinduced reorganization of communities is likely to alter species interactions (e.g. predation, competition and facilitation), which may in turn affect both temporal and spatial patterns in species distribution. Modifications in biotic interaction might modulate the ability of a species to inhabit an ecosystem [37] . However, this effect may be negligible at a macroecological scale [38] . Using a macrophysiological model, Helaouët & Beaugrand [18] showed that the fundamental (i.e. niche without the influence of biotic interaction and dispersal) and the realized niches (i.e. niche with effect of biotic interaction and dispersal) of C. finmarchicus did not differ significantly at a global scale.
Our theory also neglects the potential effects of phenotypic plasticity and genetic adaptation. How much can a species alter its niche? Some authors suggest the possibility of rapid genetic responses to natural selection rather than direct reaction of species according to their ecological niche [39] . This might be effective for small and spatially isolated zooplankton or fish populations. However, as already stated, niche conservatism is often observed at palaeoclimatic scales [40] . Our theory works at the scale of the whole spatial distribution of a species, which is likely to integrate all species' capabilities to respond to environmental heterogeneity either by phenotypic plasticity or by genetic adaptation at the time scales covered in this study. In other words, the whole spatial distribution of a species (including de facto population-specific adaptations) reflects its phenotypic plasticity/genetic adaptation at the individual level and small spatial scales.
(e) Concluding remarks
To conclude, our theory enables us to connect phenological, biogeographic and long-term community shifts through a common concept (i.e. the ecological niche that integrates the sum of all environmental constraints on the species physiology). In this way, we provide an explanation for why climate-induced long-term environmental changesespecially changes in temperature-and changes in species and communities, are so often tightly correlated [37] . Even though stochastic effects due to complex abiotic and biotic interactions throughout a species' life cycle, and from demographic effects that control vital processes (e.g. fecundity, survival), make it difficult to forecast the response of species and ecosystems to climate change [41, 42] , our results demonstrate that a significant proportion of biogeographic, phenological and long-term community shifts is deterministic at some observed emergent spatio-temporal scales and therefore predictable. We propose that a fixed ecological niche offers a way to understand how communities and their species may respond to climatic variability and global climate change. Although the ecological niche is already applied to anticipate the response of a species distributional range to climate change by means of ecological niche models [43] , the concept of the ecological niche has never, to our knowledge, been used to link phenological, biogeographic and community shifts, which are the three main documented responses to climate change so far [1] [2] [3] 5] .
Phenological and biogeographic changes can be interpreted as a means by which a species tracks its thermal niche in time and space. At the community scale, a large part of climate-caused long-term community shifts is the result of climate-modulated environmental changes on the ecological niche of each species, which explains why many species remain stable during an AES, and why some may react earlier than others [44] . Our results suggest that where substantial variations in temperature take place over short distances, such as at critical thermal boundaries, long-term biological shifts are likely to be more prominent [5] . 
